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Rb Interacts with Histone Deacetylase
to Repress Transcription
transcriptional repressor (Weintraub et al., 1992, 1995).
We found that, while tethered to the promoter through
an interaction with E2F, Rb can bind simultaneously to
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surrounding transcription factors through a site inde-Washington University School of Medicine
pendent from the E2F site. This interaction with RbSt. Louis, Missouri 63110
blocks the ability of the transcription factors to bind to
TFIID and, specifically, to the TBP component of TFIID.
Thus, we proposed that Rb actively represses transcrip-Summary
tion by directly binding and blocking the activity of tran-
scription factors at the promoter.Previously, we found that Rb can actively repress tran-
Using mouse embryo fibroblasts derived from micescription of cell cycle genes by binding and inactivat-
deficient in Rb and the Rb-related proteins p107 anding transcription factors at the promoter. Here, we
p130, it has been demonstrated that Rb and p107/p130demonstrate that Rb can also repress transcription
are required to repress distinct subsets of cell cycleof endogenous cell cycle genes containing E2F sites
genes containing E2F sites (Hurford et al., 1997). Specifi-through recruitment of histone deacetylase, which de-
cally, Rb is necessary for repression of p107 and cyclinacetylates histones on the promoter, thereby promot-
E genes. These results, however, do not indicate thating formation of nucleosomes that inhibit transcrip-
there is no overlap in genes repressed by Rb and p107/tion. These two mechanisms of repression by Rb are
p130. The reason for this conclusion is that p107 isselectiveÐsome promoters and transcription factors
strongly up-regulated in the Rb (2/2) cells, and thusare blocked by this recruitment of histone deacetylase,
genes repressible by both Rb and p107 would not bewhereas others are resistant to histone deacetylase
up-regulated in the Rb (2/2) cells. Nevertheless, theseactivity and are repressed directly by inhibition of tran-
results do provide evidence that Rb and p107/p130 canscription factors.
be targeted to distinct subsets of cell cycle genes in
vivo.Introduction
Recent studies have provided molecular evidence
that regulation of chromatin structure is an importantThe retinoblastoma protein (Rb) regulates the G1/S tran-
mechanism in controllinggene transcription (reviewed insition in the cell cycle (Ewen, 1994; Weinberg, 1995). Rb
Grunstein, 1997). Nucleosomes organize chromosomalinteracts with a family of cell cycle transcription factors
DNA into structures that resemble beads on a string.known as E2F (Chellappan et al., 1991; Nevins, 1992;
Formation of nucleosomes has been shown to inhibitLam and La Thangue, 1994; Adams and Kaelin, 1996;
transcription, presumably by blocking access of tran-Slansky and Farnham, 1996). This interaction not only
scription factors to the promoter. Nucleosomes areblocks transactivation by E2F, but the Rb-E2F complex
comprised of histones H2A, H2B, H3, and H4. The his-
binds to the promoter and actively represses transcrip-
tones form a central octameric core, which is wrapped
tion of cell cycle genes (Hamel et al., 1992; Weintraub
by approximately two turns of DNA. Nucleosome for-
et al., 1992, 1995; Bremner et al., 1995; Sellers et al.,
mation is regulated by posttranslational modifications
1995; Adams and Kaelin, 1996; Sears et al., 1997).
of the amino terminal regions of the histones, which
The small pocket region of Rb (amino acids 379±792)
are exposed in the nucleosomal structure. The best
constitutes the repressor motif of Rb (Weintraub et al.,
studied of these modifications is acetylation/deacetyla-
1995). There are two sequences within the pocket, tion. Acetylation neutralizes the positive charge on ly-
termed A and B, that are conserved across species as
sines and disrupts nucleosome structure allowing an
well as in the Rb-related proteins p107 and p130. The
unfolding of DNA and access to transcription factors.
repressor motif in Rb is formed by interaction of these
Even though the nucleosomal structure is disrupted by
domains (Chow and Dean, 1996; Chow et al., 1996). As this acetylation, the acetylated histones remain associ-
with Rb, we have found that domains A and B from the ated with DNA.
pocket region of p107 also interact to form a repressor A number of transcription factors have been shown to
motif (Starostik et al., 1996). And the domains from Rb interact with the p300/CBP transcriptional coactivator,
and p107 are at least somewhat interchangeable in for- which has histone acetylase activity (Eckner et al., 1994,
mation of the repressor motif and in growth suppression 1996; Bhattacharya et al., 1996; Chakravarti et al., 1996;
(Chow and Dean, 1996; Chow et al., 1996). The interac- Oliner et al., 1996; Yao et al., 1996; Zhang et al., 1996;
tion between domains A and B, and thus repressor activ- Perkins et al., 1997; Puri et al., 1997; Sartorelli et al.,
ity, is blocked by the hyperphosphorylation catalyzed 1997). Additionally, p300/CBP interacts with another
by G1 cyclin±dependent kinases (Chow et al., 1996), complex p/CAF that itself has histone acetylase activity
resulting in derepression of cell cycle genes and transi- (Yang et al., 1996). The acetylase activity is thought
tion from G1 to S phase of the cell cycle. to stimulate transcription by acetylating histones and
Previously, we have presented evidence that the Rb- disrupting nucleosome structure when p300/CBP is re-
E2F complex that forms at the promoter is an active cruited to the promoter.
Conversely, several transcriptional repressors have
been shown to associate with histone deacetylases,*To whom correspondence should be addressed.
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which are thought to deacetylate histones on the pro- activity to repress transcription. The results then demon-
moter and thereby promote nucleosome formation. One strate fundamental differencesin the mechanismof tran-
of the best studied of these repressors is Mad, which scriptional repression by Rb and p107 and suggest that
forms a heterodimer with Max that binds to E boxes on p107 may only have a subset of the repressor activities
promoters (Ayer et al., 1995; Alland et al., 1997; Hassig of Rb.
et al., 1997; Laherty et al., 1997). These E boxes would
otherwise bind to the complex of c-myc/Max, which is
Resultsa transcriptional activator (Ayer and Eisenman, 1993).
Three different histone deacetylases, HDAC1±3, have
Rb Interacts with HDAC In Vivobeen identified in mammalian cells (Grunstein, 1997).
To determine whether Rb associates with HDAC in vivo,These proteins appear to have overlapping activities
expression vectors for Rb, which were tagged with theand are similar to the histone deacetylase RPD3 from
DNA-binding domain of the yeast transcription factoryeast. Mad does not interact directly with HDAC; a tran-
Gal4, and flag-tagged HDAC1 were cotransfected intoscriptional corepressor mammalian Sin3 (mSin3) binds
the Rb (2) C33A cell line. Immunoprecipitation of taggedto Mad and appears to tether MAD to HDAC (Ayer et
Rb followed by Western blot analysis of the precipitantsal., 1995; Alland et al., 1997; Hassig et al., 1997; Laherty
for the presence of HDAC1 indicated an interaction be-et al., 1997). Two forms of mSin3 have been identified,
tween the proteins (Figure 1A). As a positive control, anmSin3A and mSin3B, which also appear tohave overlap-
expression vector for Gal4-Mad was cotransfected withping functions (Grunstein, 1997). mSin3A and mSin3B
flag-HDAC1. As with Rb, Mad coimmunoprecipitatedappear to be homologs of the yeast corepressor Sin3,
with HDAC1 as reported previously (Alland et al., 1997;which is found in a complex with the histone deacetylase
Hassig et al., 1997; Laherty et al., 1997). A WesternRPD3. As with Mad, other repressors that have been
blot revealed that Mad was expressed at a significantlyfound to associate with HDAC also appear to contain
higher level than Rb; nevertheless, interaction of MadmSin3 in the complex (Alland et al., 1997; Heinzel et al.,
and Rb with HDAC1 appeared similar. As negative con-1997; Kodosh and Struhl, 1997; Nagy et al., 1997; Zhang
trols, Gal4 alone showed no binding to HDAC1, and aet al., 1997). However, this is not yet clear with YY1,
Cys to Phe mutation at amino acid 706 in domain B ofwhich binds directly to HDAC (Yang et al., 1996).
the Rb pocket that inhibits growth suppression by RbIn addition to E2F and other transcription factors, Rb
(Kaye et al., 1990) blocked interaction with HDAC1. Like-has been shown to interact with proteins that are impor-
wise, a point mutation in Mad that blocks associationtant for regulating chromatin structure: BRG1, a tran-
with HDAC prevented the coimmunoprecipitation ofscriptional activator that appears to function by remod-
Mad and HDAC1. Neither expression of Mad nor Rbeling chromatin (Dunaief et al., 1994); TAF250, which
has histone acetylase activity (Shao et al., 1995; Mizzen had any effect on expression of HDAC1 in these assays
et al., 1996); and Rbap48, which associates with chro- (Figure 1C).
matin assembly factor-1 as well as HDAC (Qian et al.,
1993; Roth and Allis, 1996; Taunton et al., 1996). These Rb Pocket Domains A and B Interact to Form
interactions suggest that Rb may repress transcription the Site of Association with HDAC1
at least in part by interacting with proteins that remodel
Previously, we have found that the region of Rb known
chromatin. Here, we demonstrate that Rb also associ-
as the small pocket (amino acids 379 to 792) is theates with histone deacetylase; however, in contrast to
repressor motif (Weintraub et al., 1995). This region ofthe other repressors, mSin3A was not detected in the
Rb is sufficient, when tethered to a promoter through acomplex between Rb and histone deacetylase. Interac-
Gal4 DNA-binding domain, to efficiently block transcrip-tion between domain A and B in the Rb pocket forms
tion even when placed far upstream of strong viral pro-a site for association with histone deacetylase. We pre-
moters. Two conserved regions within the pocket, do-sent evidence that recruitment of histone deacetylase
mains A (amino acids 379±602) and B (amino acidsby either Rb or Mad results in a decrease in acetylated
646±792), interact to form the repressor motif (Chowhistone H3 associated with the promoter in vivo, consis-
and Dean, 1996; Chow et al., 1996). Alone, the domainstent with the idea that this recruitment indeed results in
have no repressor activity, but when they are coex-deacetylation of histones bound to the promoter. Inter-
pressed on separate proteins they can interact very effi-estingly, we show that this Rb-mediated recruitment
ciently to reform the repressor motif. Neither domain Aof histone deacetylase can only repress a subset of
nordomain Balone was able to interact significantly withpromoters and transcription factors. The activity of other
HDAC1 in vivo (Figure 1A). However, when the domainspromoters and transcription factors appears resistant to
were coexpressed on separate proteins, they did formrecruitment of histone deacetylase, but these promoters
a complex that interacts efficiently with HDAC1 (Figureand transcription factors are still blocked by Rb through
1D). The amino acid 706 mutation in domain B of thedirect inhibition of transcription factors. Thus, Rb can
Rb pocket, which we show above fails to interact withblock transcription through two separate mechanisms,
HDAC1 (Figure 1A), prevents interaction of domains Aand both mechanisms are required to account for the
and B (Chow et al., 1996). Taken together, our resultspattern of promoters repressed by Rb. Surprisingly, we
suggest that the binding of Rb domains A and B formsfound that even though Rb and p107 appear to share
a site of interaction with HDAC.significant structural similarity within the pocket repres-
mSin3 acts as a corepressor that appears to link Madsor motif, p107 does not interact with histone deacety-
lase and does not depend upon histone deacetylase (and other repressors) to HDAC (Ayer et al., 1995; Alland
Rb and Histone Deacetylase Activity
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Figure 1. Rb Interacts with HDAC1 In Vivo,
whereas p107 Does Not
(A) Binding of Rb to HDAC1 requires both Rb
domains A and B. Flag-tagged HDAC1 and
Gal4-tagged Rb or Mad proteins were coex-
pressed in Rb (2) C33A cells, and a mono-
clonal anti-Gal4 antibody was used to immu-
noprecipitate the Gal4 proteins (Experimental
Procedures). The precipitated proteins were
Western blotted for the presence of flag-
HDAC1. ªG-Mad-mutº indicates a point mu-
tation in Mad that does not interact with
HDAC1 (Ayer et al., 1995).
(B) Western blot of the immunoprecipitated
Gal4 proteins. The membrane in (A) was
stripped and reblotted with a polyclonal anti-
body to Gal4.
(C) Direct Western blot of flag-HDAC1, show-
ing equal expression in the transfection
assays.
(D) Association of Rb domains A and B forms
a site for interaction of HDAC1. Expression
vectors for domains A or B were transfected
either alone or together along with flag-
HDAC1, and association was followed by
coimmunoprecipitation as in (A).
(E) The indicated Gal4 proteins were trans-
fected into C33A cells along with flag-tagged
HDAC1, and coimmunoprecipitation was fol-
lowed as in (A).
(F) Western blot of the immunoprecipitated proteins. The membrane in (E) was stripped and reblotted with a polyclonal antibody to Gal4.
(G) Direct Western blot of flag-HDAC1, showing equal expression in the transfection assays.
(H) Rb interacts with HDAC1 in vivo without overexpression of the proteins. Extract from Rb (1) CV1 cells was split into two equal fractions,
and the fractions were immunoprecipitated with anti-HDAC1 antisera (Santa Cruz) or a nonspecific control antibody to histone H3. Precipitated
proteins were then Western blotted for Rb. The antibody is detected because monoclonal antibodies were used for both immunoprecipitation
and Western blotting. A direct Western blot for Rb is shown on the left. The direct Western blot contains approximately 10% of the protein
extract used for immunoprecipitation. Molecular size markers in kilodaltons are shown on the right.
et al., 1997; Hassig et al., 1997; Heinzel et al., 1997; efficient transcriptional repressor that binds to E boxes
and regulates muscle differentiation.Kodosh and Struhl, 1997; Laherty et al., 1997; Nagy et
al., 1997; Zhang et al., 1997). We wondered whether
mSin3 might also link Rb to HDAC. Therefore, Rb (or Mad Endogenous Rb and HDAC1 Interact In Vivo
Next, we asked whether HDAC1 and Rb would coimmu-as a control) was overexpressed along with mSin3A, and
association was followed by a coimmunoprecipitation noprecipitate without overexpression of the proteins.
Extracts from CV1 cells, which are Rb (1), were immuno-assay. No interaction with Rb was detected (results not
shown; D. E. Ayer, personal communication). Therefore, precipitated with anti-HDAC1 antibody, and the precipi-
tated proteins were then Western blotted for Rb. Thewe conclude that while mSin3A appears to tether Mad
to HDAC, interaction of Rb with HDAC does not appear results suggest that a significant amount of the cellular
Rb is indeed complexed with HDAC1 (Figure 1H). Addi-to involve mSin3.
Like Rb, the Rb family protein p107 acts as a transcrip- tionally, these assays were done in the reverse order
compared to assays in Figures 1A±1G; that is, HDAC1tion repressor (Starostik et al., 1996). p107 also contains
a pocket motif, and there is sequence similarity between was immunoprecipitated and associated Rb was de-
tected by Western blot. Therefore, the association be-conserved domains A and B in Rb and p107; however,
the spacer sequence between the domains is signifi- tween Rb and HDAC1 has been shown both with tagged
proteins derived from transfections (using antibodies tocantly larger in p107, and this region of p107 interacts
with cyclin A/cdk2 (Zhu et al., 1993). We have found the tags) and between the endogenous proteins. Addi-
tionally, the association between the proteins has beenthat, like Rb, domains A and B from p107 interact to
form the repressor motif and that the domains from Rb detected by immunoprecipitation of Rb followed by
Western blotting for HDAC1 and the reverse, immuno-and p107 are somewhat functionally interchangeable
(Chow et al., 1996). Surprisingly, coimmunoprecipita- precipitation of HDAC1 followed by Western blotting
for Rb.tion assays revealed no interaction between p107 and
HDAC1 (Figures 1E±1G). As another negative control, Rb migrates as two distinct complexes on gel electro-
phoresisÐa more slowly migrating hyperphosphory-we found that the zinc finger/homeodomain repressor
ZEB (Postigo and Dean, 1997) also did not coimmuno- lated (inactive) form and a more rapidly migrating hypo-
phosphorylated (active) form. It appears that HDAC1precipitate with HDAC1 in these experiments. ZEB is an
Cell
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Figure 2. Rb Can Repress Transcription by Recruiting Histone Deacetylase
The indicated expression vectors were cotransfected with G5MLPCAT, which contains Gal4 DNA-binding sites upstream of the MLP driving
the CAT gene; pCAT, a minimal promoter containing Gal4 sites upstream of the adenovirus E1b TATA box driving the CAT gene; or pE2F-
CAT, which contains E2F sites upstream of the TATA box in pCAT, into Rb (2) C33A cells (Experimental Procedures). ªTKº indicates the
herpes virus thymidine kinase promoter driving the CAT geneÐGal4 sites are located approximately 50 bp upstream of the promoter (Starostik
et al., 1996). Where indicated, transfected cells were treated with Trichostatin A (TSA) (Experimental Procedures). As a control, Trichostatin
A enhanced activation by the G-Mad-VP16 fusion protein as described (Laherty et al., 1997). ªGº indicates Gal4. Results are representative
of at least three separate experiments, each in duplicate.
associates selectively with the hypophosphorylated to HDAC correlates with the ability to repress transcrip-
tion in a histone deacetylase±dependent fashion. Addi-form (Figure 1H).
tionally, these results, together with the above binding
assays showing that Rb interacts with HDAC whereas
Repression of the Adenovirus Major Late Promoter p107 does not, highlight a significant function difference
by Rb and Mad Is Dependent upon between the two Rb family members.
Histone Deacetylase Activity
It was of interest to determine whether histone deacety-
lase activity is important for transcriptional repression Repression of the TK Promoter and the
SV40 Enhancer by Rb Is Independentby Rb. We and others have demonstrated that the Rb
repressor domain is a potent transcriptional inhibitor of Histone Deacetylase Activity
We have demonstrated previously that Rb can efficientlywhen targeted to the promoter either normally through
interaction with E2F or artificially as a fusion protein with repress transcription from the SV40 enhancer (the 72
bp repeats) (Weintraub et al., 1995; Chow and Dean,the DNA-binding domain of theyeast transcription factor
Gal4. When Gal4 DNA-binding sites were cloned up- 1996). However, surprisingly, Trichostatin A had little or
no effect on this repression of the SV40 enhancer (Figurestream of the adenovirus major late promoter (MLP)
driving the CAT gene and a Gal4±Rb fusion protein was 3). Additionally, although Mad repressed the MLP even
more efficiently than Rb, it had little effect on the SV40coexpressed, MLP activity was inhibited (Figure 2). We
then used the drug Trichostatin A, which specifically enhancer (Figure 3). We conclude that the MLP is sensi-
tive to recruitment of histone deacetylase and is re-and irreversibly inhibits histone deacetylases (Taunton
et al., 1996), to determine whether histone deacetylase pressed by Mad and Rb through this mechanism. How-
ever, the SV40 enhancer appears insensitive, and thusactivity is required for Rb-mediated repression of the
major late promoter. Trichostatin A blocked most of the its activity is not blocked by Mad. Repression of the
SV40 enhancer by Rb would then appear to be throughrepression, suggesting that the Rb repression is indeed
dependent upon histone deacetylase activity. The muta- a mechanism other than recruitment of histone deacety-
lase. We have suggested previously that Rb can represstion at amino acid 706 of Rb, which blocks interaction
with HDAC1 (Figure 1A), also blocked the ability of Rb transcription by interacting directly with transcription
factors at the promoter and blocking their associationto repress the MLP. As a positive control, Gal4-Mad
also inhibited MLP activity, and this repression was also with the basal transcription complex (Weintraub et al.,
1995). We propose that this mechanism is required toblocked by Trichostatin A. The Mad mutant did not re-
press. As an additional positive control, we used a fusion repress the SV40 enhancer.
We also examined a third promoter in these studies,protein between Gal4, Mad, and VP16 whose transcrip-
tional activity has been shown to be enhanced by Tri- the herpes virus thymidine kinase promoter (TK). Like
the adenovirus major late promoter, the TK promoterchostatin A (Figure 2; Hassig et al., 1997; Laherty et al.,
1997). was efficiently repressed by both Rb and Mad (Figure 2),
and, as with the MLP, repression by Mad was completelyBoth p107 and ZEB efficiently blocked transcription
from the MLP, but, in contrast to Rb and Mad, this prevented by Trichostatin A. However, repression of the
TK promoter by Rb was essentially unaffected by Tri-repression was completely unaffected by Trichostatin
A (Figures 1E±1G). These results suggest that binding chostatin A. One possible explanation for these results
Rb and Histone Deacetylase Activity
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Figure 3. Histone Deacetylase Activity Is Not Required for Rb to Repress the SV40 Enhancer, the ETS Family Transcription Factor PU.1, or
the NFkB Family Member p65
Experiments were done together with those in Figure 2. The indicated reporters and expression vectors were cotransfected into Rb (2) C33A
cells (similar results were seen in CV-1 cells). The reporters are pGL-CAT (Chow and Dean, 1996), containing both Gal4- and Lex A±binding
sites driving CAT; pG-CAT, where the Lex A sites are deleted; and pSVEC, containing the SV40 72 bp repeats upstream of the E1B TATA box
driving CAT (Chow and Dean, 1996). Expression vectors were cotransfected as indicated (Experimental Procedures). ªGº indicates Gal4 and
ªLº Lex A. Results are representative of at least three separate experiments, each in duplicate.
is that the TK promoter is indeed sensitive to recruitment We found that repression of PU.1 by Rb was unaf-
fected by Trichostatin A (Figure 3). Likewise, Trichostatinof histone deacetylase activity, as evidenced by its re-
pression by Mad and the release of the repression by A had no effect on Rb repression of the NFkB transcrip-
tion factor p65, which is repressed by Rb in the sameTrichostatin A. But Rb, in addition to recruiting histone
deacetylase, may also inhibit TK promoter activity by fashion as PU.1 (Weintraub et al., 1995). We conclude
that Rb represses these transcription factors by bindingdirect inhibition of transcription factors, as we propose
for the SV40 enhancer. If this is the case, then Tricho- them and that the mechanism does not required histone
deacetylase activity.statin A would be unable to relieve repression of the
TK promoter by Rb. TK may then be an example of However, in marked contrast to PU.1 and p65, Tri-
chostatin A completely reversed the inhibition of anothera promoter that can be repressed by Rb through two
separate mechanisms. transcription factor, USF, by Rb (Figure 3). This latter
finding is particularly interesting given that USF is an
important activator of the adenovirus major late pro-
Rb-Mediated Repression of PU.1 and p65 moter. Thus, one reason for the sensitivity of the major
Transcription Factors Is Independent late promoter to histone deacetylase activity may be its
of Histone Deacetylase Activity, dependence upon USF.
whereas Repression of USF Is As a negative control in these experiments, Rb had
Dependent on This Activity no effect on the transcriptional activity of Sp-1 (Figure
One of the transcription factors that Rb can repress 3), as reported previously (Weintraub et al., 1995). One
directly at the promoter is the ETS family member PU.1 reason for this lack of inhibition is that Rb does not bind
(Weintraub et al., 1995). While Rb is bound to the pro- Sp-1 and thus cannot block its activity directly at the
moter through interaction with E2F or as a fusion protein promoter (Weintraub et al., 1995). Additionally, Sp-1 has
with the DNA-binding domain of Gal4, it can interact been shown to interact with histone H3, and this is
simultaneously with PU.1 through a site independent of thought to inhibit nucleosome formation (Hartzog and
the E2F-1 binding site, and this interaction prevents Winston, 1997). Thus, Rb-mediated recruitment of a
binding of PU.1 to the TFIID complex and, specifically, deacetylase may not be able to restore nucleosome
to TBP in this complex. To block PU.1 activity, Rb must formation because Sp-1 directly blocks nucleosome for-
first be concentrated at the promoter through a high mation. It is then interesting to note that CTF-1 is also
affinity interaction with E2F or artificially through a high not repressed by Rb (Weintraub et al., 1995). As with
affinity interaction with DNA as a Gal4 fusion protein. Sp-1, Rb does not bind CTF-1 and thus cannot directly
Rb cannot bedirectly targeted toPU.1 without first being inhibit its activity. Additionally, CTF-1 also interacts with
concentrated at the promoter (Figure 3; Weintraub et histone H3 to disrupt nucleosome structure (Alevizo-
al., 1995). We suggest that the high affinity interaction poulos et al., 1995).
that normally occurs between Rb and E2F serves to Rb is normally recruited to cell cycle genes through
target Rb to the proper set of cell cycle genes, thus an interaction with E2F. This interaction not only tethers
assuring promoter specificity in the same fashion that an active repressor to the promoter, Rb binds to the
high affinity interactions between transcriptional activa- transactivation domain of E2F and blocks its transcrip-
tors and DNA sequences target the activators to specific tional activity. It has been assumed that binding of Rb
promoters (where they subsequently interact with com- blocks E2F activity by sterically inhibiting the transacti-
ponents of the basal transcription complex through rela- vating domain. Therefore, it seemed unlikely that inhibi-
tion of E2F activity by Rb would be dependent upontive low affinity interactions).
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histone deacetylase activity. To determine whether the (Figures 4A±4C). As a control, recruitment of Rb with
the Cys to Phe mutation at amino acid 706 (which blocksblock in E2F activity by Rb is dependent upon histone
binding to HDAC) or Gal4 alone had no effect on acet-deacetylase activity, a reporter construct containing a
ylated histone H3 on the promoter. Also as a control,minimal promoter (TATA box) and E2F sites driving the
no MLP was detected when experiments were done inCAT gene was transfected into Rb (2) C33A cells along
the absence of anti-acetylated H3 antibody. The resultswith an expression vector for Rb. Rb blocked the activity
are consistent with the idea that the loss of acetylatedof the E2F sites, and, surprisingly, this Rb-mediated
histone H3 on the promoter is the result of histoneinhibition was partially prevented by Trichostatin A
deacetylation by Rb-HDAC and Mad-HDAC complexes.(Figure 2). These results suggest that binding of Rb to
These CHIP assays provide the first evidence thatE2F does not block transcriptional activity entirely by
recruitment of an HDAC-associated repressor to thesterically inhibiting the E2F transactivation domainÐ
promoter can decrease the level of histone acetylationrecruitment of histone deacetylase appears to be impor-
at the promoter in vivo. The studies complement thosetant for this inhibition. It is then interesting to note that
described above with the histone deacetylase inhibitorE2F-1 has been shown to interact with the histone acet-
Trichostatin A and provide an independent line of evi-ylase p300/CBP (Trouche and Kouzarides, 1996); thus,
dence that both Rb and Mad can repress transcriptionit is conceivable that the HDAC recruited by Rb is func-
by decreasing histone acetylation.tioning to counteract the intrinsic histone acetylase ac-
tivity of the E2F-1-p300/CBP complex.
Histone Deacetylase Activity and Rb Repression
of Endogenous Cell Cycle Genes
Association of Rb with HDAC and the requirement ofRecruitment of Rb or Mad Decreases
histone deacetylase activity for Rb to repress transcrip-Acetylated Histone H3 Associated
tion in transfection assays suggest that recruitment ofwith the MLP In Vivo
HDAC may have an important role in Rb repression ofAlthough several different repressors have been shown
endogenous genes. To determine whether Rb-mediatedto interact with HDAC, it has not yet been demonstrated
repression of endogenous genes requires histone deacet-that recruitment of a complex with any of these repres-
ylase activity, we used the Rb (2) osteosarcoma cellsors and HDAC can regulate acetylation of histones on
line SAOS-2 cells stably transfected with a tetracycline-a promoter in vivo. However, it has been demonstrated
inhibitable Rb expression vector. Reverse transcriptase-that transfected plasmids interact with histones to form
PCR was used to follow expression of a number of cellnucleosome-like structures and that inhibition of histone
cycle genes containing E2F sites when Rb expressiondeacetylase activity can activate transcription from such
was induced after removal of tetracycline. We foundtransfected plasmids (Jeong and Stein, 1994; Candau
that only a subset of the genes that we examined withet al., 1996; Alland et al., 1997; Jenster et al., 1997;
E2F sites were down-regulated following induction ofHassig et al., 1997; Laherty et al., 1997; Yang et al.,
Rb (thymidine kinase and dihydrofolate reductase, but1997). It has also been shown that direct recruitment of
not PCNA, E2F-1, B-Myb, or ribonucleotide reductase)HDAC to theTK promoter as a Gal4 fusion protein results
(Figure 5A). Next, we wondered whether this repressionin transcriptional repression (Jeong and Stein, 1994;
by Rb was dependent upon histone deacetylase activity.Yang et al., 1997), presumably as a direct result of
To test this, the cells were treated with Trichostatin A. Indeacetylation of histones associated with the promoter.
the presence of tetracycline, where Rb is not expressed,Antibodies have been developed that recognize spe-
Trichostatin A had no detectable effect on expression ofcifically the acetylated form of histone H3. These anti-
any of the genes in the Rb (2) cells (Figure 5A). However,
bodies have been used in yeast and tetrahymena for
Trichostatin A treatment did substantially reverse the
chromatin immunoprecipitation assays (CHIP) to exam-
Rb-mediated repression of the thymidine kinase and
ine the amount of acetylated histone associated with
dihydrofolate reductase genes. These results suggest
plasmid promoters (Dedon et al., 1991; Braunstein et that histone deacetylase activity is important for Rb-
al., 1993). We have adapted this assay to mammalian mediated repression of these endogenous genes.
cells and use it here to show that recruitment of Rb or Next, we wondered whether inhibition of histone
Mad to the MLP results in a decrease in acetylated deacetylase might derepress genes with E2F sites in
histone on the promoter in vivo. osteosarcoma cells containing a wild-type level of Rb.
For these experiments, the MLP plasmid was trans- Overexpression of Rb in the SAOS-2 cells may lead to
fected into CV1 cells along with Gal4-Rb, Gal4-Rb706, a loss in specificity in target genes. It has been demon-
Gal4-Mad, or the parent vector expressing Gal4 only. strated previously using fibroblasts derived from gene-
Extracts from the transfections were split into two parts. knockout mice that Rb and p107/p130 appear to be
One third was used as a control to determine the total necessary for repression of distinct subsets of genes
amount of transfected plasmid in the cell by PCR ampli- with E2F sites (Hurford et al., 1997). For ourexperiments,
fication of the MLP. The other two-thirds were im- we used the Rb (1) osteosarcoma cell line U2OS (the
munoprecipitated with anti-acetylated histone H3 anti- Rb [1] counterpart of the SAOS-2 cells). Treatment of
body. Coimmunoprecipitated MLP was then detected U2OS cells with Trichostatin A induced expression of
by PCR. We found that much of the MLP is associated p107 and dihydrofolate reductase mRNAs (Figure 5B).
with acetylated histone H3, but that recruitment of Gal4- Repression of p107 was shown previously to be depen-
Rb or Gal4-Mad to the promoter decreased acetylated dent upon Rb (Hurford et al., 1997). In contrast, ribonu-
cleotide reductase, thymidine kinase, and PCNA geneshistone H3 on the promoter to an undetectable level
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Figure 4. Recruitment of Rb or Mad De-
creases Acetylated Histone H3 (Ac-Histone)
on the MLP In Vivo
(A) Diagram of the effect of histone acetyla-
tion/deacetylation on promoter activity.
(B) Flow chart of the experimental design.
(C) G5MLPCAT (see Figure 2) was transfected
into CV1 cells along with expression vectors
for Gal4-Rb (G-Rb), Gal4-Rb706 (G-Rb706),
Gal4-Mad (G-Mad), or the parent expression
vector expressing only Gal4 (see Figures 2
and3). Acetylated histone H3 on the MLP was
determined by a CHIP assay as described in
Experimental Procedures. Cell lysate from
the transfections was split into two parts.
One-third was used to determine total trans-
fected MLP DNA by ethanol precipitation of
cell lysates followed by PCR amplification of
promoter sequences (total MLP). The other
two-thirds of the extract was then used to
analyze MLP associated with acetylated his-
tone H3 (Ac-Histone MLP). Association was
analyzed by immunoprecipitation with an an-
tibody specific for the acetylated form of his-
tone H3 followed by PCR amplification of the
coimmunoprecipitated promoter. The PCR
product (248 bp) was then separated on an
agarose gel. ªTotal MLP-no Abº indicates to-
tal MLP from assays where anti-acetylated
histone H3 was not added. Results are repre-
sentative of three independent experiments.
were not activated by Trichostatin A treatmentÐthese upon histone deacetylase activity. Taken together, our
results suggest that the two mechanisms of repressiongenes were shown to be dependent upon p107/p130
for repression (Hurford et al., 1997). It is of note that by Rb are selective: some promoters are repressed by
one mechanism, whereas other promoters are re-thymidine kinase was repressed when Rb was overex-
pressed in the SAOS-2 cells, and this repression was pressed by the second mechanism. Thus, both mecha-
nisms are necessary to explain the pattern of promoterrelieved by Trichostatin A. Conceivably, this overexpres-
sion of Rb is leading to nonspecific repression of thymi- repression by Rb.
What, then, is the balance between the two repressiondine kinase. Alternatively, Rb is only partially active in
the U2OS because they are p16 (2); thus, it may not be mechanisms, and are both required for growth suppres-
sion by Rb? Most of the promoters and transcriptionable to efficiently repress all susceptible genes in these
cells. Nevertheless, none of the E2F site±containing factors that we tested were not dependent upon histone
deacetylase activity for repression by Rb, suggestinggenes tested were activated by Trichostatin A treatment
alone in the Rb (2) SAOS-2 cells (Figure 5A), providing that direct inhibition of transcription factors may be the
predominant mechanism of repression. In support ofadditional linkage between histone deacetylase activity
and repression of endogenous genes by Rb. this possibility, the Rb family member p107, which ap-
pears to share many structural similarities with Rb in
the repressor motif, does not interact with HDAC andDiscussion
does not require histone deacetylase activity to repress
transcription. Like Rb, overexpression of p107 in the cellWe present evidence here that Rb can repress transcrip-
tion through two distinct mechanisms. The first is direct will suppress growth; thus, it appears that p107 is able
to arrest cells in G1 without recruiting HDAC. However,inhibition of transcription factors at the promoter. This
is demonstrated with PU.1 and p65 and also appears there are concerns regarding overexpression studies
with Rb family members in that the overexpression mayto be the case with the SV40 enhancer, where histone
deacetylase activity is not required for repression by lead to nonphysiological interactions with cellular pro-
teins that artifactually squelch pathways essential forRb. However, Rb repression of another promoter, the
MLP, is dependent upon histone deacetylase activity. cell proliferation. Thus, results from such studies must
be interpreted carefully. Nevertheless, it appears thatAnd accordingly, Rb repression of the transcription fac-
tor USF, a regulator of the MLP, is likewise dependent p107 only retains a subset of the repressor activities of
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multiple enhancers. In these types of promoters, E2F
sites function primarily as silencers where transcription
is blocked by the Rb-E2F repressor complex. Many of
these more complex promoters may be relatively resis-
tant to histone deacetylase activity (as appears to be
the case with the SV40 enhancer) and thus may require
direct inhibition of transcription factors at the promoter
by Rb to repress transcription.
Why might some promoters be resistant or partially
resistant to recruitment of histone deacetylase activity?
Possibly, complex promoters such as the SV40 enhancer
may offset or partially offset histone deacetylase activity
by containing binding sites for a number of transcription
factors that recruit histone acetylases such as the co-
activator p300/CBP, which not only has histone acet-
ylase activity itself, it also forms a complex with another
histone acetylase, p/CAF (Yang et al., 1996). A large and
growing numberof transcription factors hasbeen shown
to associate with p300/CBP (Eckner et al., 1994, 1996;
Bhattacharya et al., 1996; Chakravarti et al., 1996; Oliner
et al., 1996; Yao et al., 1996; Zhang et al., 1996; Perkins
et al., 1997; Puri et al., 1997; Sartorelli et al., 1997). In a
promoter with a large number of enhancers that recruit
histone acetylase, the balance may remained tipped
toward histone hyperacetylation (inhibition of nucleo-
some formation) even if Rb or another repressor is able
to recruit HDAC.
Since E2F-1 also interacts with p300/CBP to activate
Figure 5. Histone Deacetylase Activity and Rb-Mediated Repres- transcription (Trouche and Kouzarides, 1996), it is possi-
sion of Endogenous Genes Containing E2F Sites
ble that Rb could function to inhibit E2F at least in part
(A) The Rb (2) osteosarcoma SAOS-2 cell line stably transfectedwith
by binding E2F and blocking its interaction with p300/a tetracycline (Tet)-repressible Rb expression vector was cultured in
CBP. However, this would not explain the fact that his-the presence of Tet or in the absence of the drug for 30 hr to induce
tone deacetylase activity is required for Rb to efficientlyRb expression. Where indicated, cells were treated with Trichostatin
A (TSA) to inhibit histone deacetylase activity. Total RNA was iso- inhibit E2F. One explanation for our results is that HDAC
lated and cDNAwas prepared in a single reverse transcriptase reac- recruited by Rb functions to negate the histone acet-
tion using random hexamers as primers (Experimental Procedures). ylase activity of p300/CBP associated with E2F. Since
The cDNA from this reverse transcriptase reaction was then sub-
Rb is targeted to many cell cycle genes through interac-jected to PCR amplification with primers specific for the indicated
tion with E2F, and histone deacetylase activity appearsE2F site±containing genes. PCR reactions were done at both 28
necessary for efficient inactivation of E2F and for activeand 22 cycles to insure linearity.
(B) Inhibition of histone deacetylase activity induces a subset of transcription repression of some promoters, then it fol-
genes containing E2F sites in the Rb (1) osteosarcoma cell line lows that Rb must be able to interact simultaneously
U2OS. U2OS cells were treated with Trichostatin A for 30 hr, and with both E2F and HDAC. This is not surprising. While
expression of cell cycle genes containing E2F sites was followed
binding to E2F requires Rb sequences C-terminal ofby reverse transcriptase-PCR as in (A).
the pocket, all other transcription factors that we haveRR1, ribonucleotide reductase; TK, thymidine kinase; DHFR, dihy-
examined interact with the pocket alone. Accordingly,drofolate reductase; PCNA, proliferating cell nuclear antigen.
the binding site for these transcription factors is inde-
pendent from the E2F binding site (Weintraub et al.,Rb, and this may be important for p107 function in the
1995). This is important because it allows Rb to interactcell.
simultaneously with surrounding transcription factorsOur finding that efficient inhibition of E2F by Rb re-
while tethered to the promoter through E2FÐthis prop-quires histone deacetylase activity suggests strongly
erty causes Rb to act as an active repressor. Interest-that recruitment of HDAC is also an important physio-
ingly, HDAC also binds to the pocket alone, and interac-logic mechanism of repression by Rb. In support of this
tion of domain A and B forms a binding site for theconclusion, HDAC (RPD3) appears to be required for
protein. Thus, it is likely that the binding site for HDACRb function in Drosophila (B. Kennedy and E. Harlow,
on Rb is distinct from the E2F site (as is the case forpersonal communication).
the transcription factors that bind the pocket only). InThere appear to be several different types of promot-
contrast, since both transcription factors and HDAC in-ers that contain E2F sites and are thus targeted by Rb.
teract with the pocket alone, their binding sites maySome promoters are relatively simple and efficient tran-
overlap on Rb. If this is the case, then the two mecha-scription is dependent uponthe transactivation capacity
nisms of repression by Rb are likely mutually exclusive.of E2F. Such promoters are then likely to be dependent
Most transcriptional repressors that have been shownupon recruitment of histone deacetylase by Rb to inacti-
to interact with HDAC contain mSin3 in the complex,vate E2F and inhibit transcription. However, other pro-
moters with E2F sites are more complex, containing which may link HDAC to the repressor. Rb appears to
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detected by Western blot with anti-Rb antibody as described (Chowbe distinct in that we did not detect mSin3 in the Rb/
and Dean, 1996).HDAC complex. What then may link Rb to HDAC? The
interaction could be direct; however, HDAC has not been
CHIP Assaysidentified in any of the numerous yeast two-hybrid
CHIP assays were done essentially as described previously in yeastscreens for Rb-binding proteins. One candidate is the
and tetrahymena (Dedon et al., 1991; Braunstein et al., 1993) with
Rb-binding protein Rbap48, which also binds to HDAC. the following modifications for mammalian cells. CV1 cells were
Rbap48 has been found in a complex with HDAC and transfected with 5 mg of G5MLPCAT and 15 mg of either the Gal4-
Rb, Gal4-Mad, or the parent control vector expressing only Gal4,mSin3, but no Rb is evident in this complex (Zhang et
using the calcium phosphate method (Chow and Dean, 1996). Afteral., 1997). Thus, in vivo Rbap48 appears to form distinct
36 hr, formaldehyde was added at 1% to the culture media andcomplexes with Rb and HDAC/mSin3. Interestingly,
cells were incubated at room temperature for 10 min with mildRbap48 interacts with histone H4 (Verrault et al., 1996),
shaking. The purpose is to cross-link proteins to the transfected
suggesting that Rbap48 may serve to target HDAC to plasmid. Then, cells were collected and resuspended in lysis buffer
histones. Also, Rbap48 is a component of chromatin (1% SDS, 10 mM EDTA, 50 mM Tris-HCl [pH 8.1]) with 1 mM PMSF,
pepstatin A, and aprotinin. After a brief sonication, lysates wereassembly factor-1 (Tyler et al., 1996; Verrault et al., 1996),
cleared by centrifugation. As a control, one-third of the lysate waswhere it may serve a similar function in targeting the
ethanol precipitated, and the total amount of MLP plasmid in thechromatin assembly factor-1 complex to histones. Inter-
transfected cells was analyzed by PCR of the MLP (see below). Theaction with Rb may serve to concentrate the Rbap48/
remaining two-thirds of the lysate was diluted 10-fold with dilution
HDAC complex at specific promoters. Once at these buffer (0.01% SDS, 1% Triton 3100, 1.2 mM EDTA, 16.7 mM Tris-
promoters, Rbap48 may bring HDAC directly to hy- HCl [pH 8.1], and 150 mM NaCl), and anti-acetylated histone H3
antibody (UBI) was added at 408C overnight. Immunoprecipitatedperacetylated histones distributed along the promoter,
complexes were collected by protein A sepharose beads. Precipi-where it would catalyze their deacetylation, thereby
tants were sequentially washed with dilution buffer twice, followedpromoting nucleosome assembly. HDAC/Rbap48 com-
by once with dilution buffer containing 500 mM NaCl. After the finalplexes containing mSin3 may simply reflect the fact
wash, 250 ml of elution buffer (1% SDS and 0.1 M NaHCO3) was
that other repressors require this mSin3 adaptor protein added, and beads were rotated at room temperature for 15 min.
to tether them to the Rbap48/HDAC complex, whereas Then 5 M NaCl was added to reverse the formaldehyde cross-
linking, and DNA was precipitated with ethanol. Pellets were resus-Rb does not.
pended andtreated with proteinase K,extracted with phenol/chloro-
form, and again ethanol precipitated. Pellets were resuspended inExperimental Procedures
10 mM Tris-HCl and EDTA and subjected to PCR amplification using
primers to the MLP. The 59primer was TCCTCGTATAGAAACTCGGAPlasmids
CCAC, and the 39 primer was GGAAGAGAGTGAGGACGAACG. The
Rb constructs, Gal4-PU.1, E2F-CAT, pGL-CAT, pG-CAT, pCAT,
resulting product was 248 bp and was separated by agarose gel
pSVEC, and pGal4-TK-CAT have been described (Weintraub et al.,
electrophoresis.
1995; Chow and Dean, 1996; Chow et al., 1996; Starostik et al., 1996).
N35Gal4Mad, n35Gal4MadVP16, and G5MLPCAT were provided by
RNA AssaysDr. D. E. Ayer (Ayer et al., 1995). pBJ5-HDAC1-F was from Dr. S. L.
SAOS-2 cells stably transfected with a tetracycline-repressible RbSchreiber (Taunton et al., 1996). The mSin3A expression vector was
expression vector and U2OS cells were grown to about 70% conflu-from Dr. R. E. Eisenman (Laherty et al., 1997).
ence. Tetracycline was removed from the SOAS-2 cells, and, where
indicated, Trichostatin A was added. Cells were harvested after 30Transfection Assays
hr, and total RNA was isolated using the High Pure RNA IsolationCells were cultured and transfected using the calcium phosphate
Kit (Boehringer Mannheim). Reverse transcription was done usingmethod as described (Chow et al., 1996). Treatment with Trichostatin
random hexamers with the RETROscript kit (Ambion). Products fromA routinely resulted in a 2-fold increase in activity of every reporter
the reverse transcription were aliquoted and directly subjected towe tested. One-half microgram of a reporter plasmid containing the
PCR amplification for 22 and 28 cycles. PCR products were sepa-thymidine kinase promoter driving the firefly luciferase gene (TKLuc)
rated on a 2% agarose gel. The following forward and reverse prim-was cotransfected as an internal control, and luciferase activity was
ers (respectively) were used for PCR amplification: E2F-1, 59-CTCGused to normalize CAT activity as described (Chow et al., 1996).
CAGCTCATCTC-39, 59-ATGAGCTGGATGCCCTCAAG-39 (450 bp);One-half microgram of pSVEC and the adenovirus MLP and 1.5 mg
GAPDH, 59-AACATCATCCCTGCCTCTCTACTG-39, 59-TTGACAAAGof the other reporters were transfected into C33A or CV-1 cells on 60
TGGTCGTTGAGG-39 (314 bp); p107, 59-TGGTGTCGCAAATGATGCcm plates. Trichostatin A (Wako BioProducts) (100 nM) was added 5
CTG-39, 59-AGGAGCTGATCCAAATGCCTG-39 (363 bp); RR1, 59-TGhr after transfection, and cells were harvested 24±36 hr later. CAT
TGGAGGAATTGGTGTTGC-39, 59-TGCGGACACGACCTTGTTTC-39activity was determined as described (Chow et al., 1996).
(413 bp); PCNA, 59-AAGGACCTCATCAACGAGGC-39, 59-GCA AAT
TCACCAGAAGGCATC-39 (379 bp); TK, 59-GGAGAGTACTCGGGTT
Coimmunoprecipitation Assays GGTGAACTTCC-39, 59-GTTCCGGTCATGTGTGCAGAGGC-39 (250
Coimmunoprecipitation assays were done essentially as described bp); DHFR, 59-CAGAGAACTCAAGGAACCTCCAC-39, 59-TTAATGCC
(Chow et al., 1996). Briefly, 3 mg of the Mad, Mad-mut, Gal4, and TTTCTCCTCCTCCTGGAC-39 (300 bp); B-Myb 59-GATGTGCCGGAG
HDAC1 expression vectors and 8 mg of the Rb expression vector CAGAGGGATAG-39, 59-GTCCATGGCCCTTGACAAGGTC-39 (200 bp).
were cotransfected into C33A cells. Cells were harvested 36 hr after
transfection in lysis buffer containing 150 mM NaCl (Chow et al.,
Acknowledgments1996). Cleared lysates were immunoprecipitated with monoclonal
anti-Gal4 antibody conjugated on agarose beads (Santa Cruz). Pre-
We thank E. Harlow for the tetracyclin-inducible SAOS-2 cells,cipitates were washed three times with lysis buffer and separated
and D. E. Ayer, R. N. Eisenman, and S. L. Schreiber for anti-by SDS electrophoresis. Proteins were then immunoblotted with
bodies and plasmids. We also thank S. Dowdy and S. Weintrauban anti-flag polyclonal antibody (Santa Cruz) to detect flag-tagged
for advice and helpful comments. A. A. P. was supported by aHDAC1 or anti-mSin3A antibody (Santa Cruz) to detect mSin3A.
fellowship from the Leukemia Society. The studies were supportedBlots were then reprobed with anti-Gal4 polyclonal antibody (Santa
by grants from the National Institutes of Health to D. C. D.Cruz) to determine the amount of precipitated Gal4 proteins. For
endogenous proteins, HDAC1 was immunoprecipitated from CV-1
cells with anti-HDAC1 antisera (Santa Cruz), and associated Rb was Received December 15, 1997; revised January 22, 1998.
Cell
472
References Hartzog, G.A., and Winston, F. (1997). Nucleosomes and transcrip-
tion: recent lessons from genetics. Curr. Opin. Genet. Dev. 7,
192±198.Adams, P.D., and Kaelin, W.G., Jr. (1996). The cellular effects of E2F
overexpression. Curr. Topics Microbiol. Immunol. 208, 79±93. Hassig, C.A., Fleischer, T.C., Billin, A.N., Schreiber, S.L., and Ayer,
D.E. (1997). Histonedeacetylase activity is required for full transcrip-Alevizopoulos, A., Dusserre, Y., Tsai-Pflugelder, M., Von der Weid,
tional repression by mSin3A. Cell 89, 341±347.T., Wahli, W., and Mermod, N. (1995). A proline-rich TGF-b-respon-
sive transcriptional activator interacts with histone H3. Genes Dev. Heinzel, T., Lavinsky, R.M., Mullen, T.M., Soderstrom, M., Laherty,
9, 3051±3066. C.D., Torchia, J., Yang, W.M., Brard, G., Ngo, S.D., Davie, J.R., et
al. (1997). A complex containing N-CoR, mSin3 and histone deacety-Alland, L., Muhle, R., Hou, H., Jr., Potes, J., Chin, L., Schreiber-
lase mediates transcriptional repression. Nature 387, 43±48.Agus, N., and DePinho, R.A. (1997). Role for N-CoR and histone
deacetylase in Sin3-mediated transcriptional repression. Nature Hurford, R.K., Cobrinik, D., Lee, M.-H., and Dyson, N. (1997). pRB
387, 49±55. and p107/p130 are required for the regulated expression of different
sets of E2F responsive genes. Genes Dev. 11, 1447±1463.Ayer, D.E., and Eisenman, R.N. (1993). A switch from myc:max to
mad:max heterocomplexes accompanies monocyte/macrophage Jenster, G., Spencer, T.E., Burcin, M.M., Tsai, S.Y., Tsai, M., and
differentiation. Genes Dev. 7, 211±219. O'Malley, B.W. (1997). Steroid receptor induction of gene transcrip-
tion: a two-step model. Proc. Natl. Acad. Sci. USA 94, 7879±7884.Ayer, D.E., Lawrence, Q.A., and Eisenman, R.N. (1995). Mad-Max
transcriptional repression is mediated by ternary complex formation Jeong, S., and Stein, A. (1994). Micrococcal nuclease digestion of
with mammalian homologs of yeast repressor Sin3. Cell 80, 767±776. nuclei reveals extended nucleosome ladders having anomalous
DNA lengths for chromatin assembled on non-replicating plasmidsBhattacharya, S., Eckner, R., Grossman, S., Oldread, E., Arany, Z.,
in transfected cells. Nucleic Acids Res. 22, 370±375.D'Andrea, A., and Livingston, D.M. (1996). Cooperation of Stat2
and p300/CBP in signaling induced by interferon-alpha. Nature 383, Kaye, F.J., Kraztke, R.A., Gerster, J.L., and Horowitz, J.M. (1990). A
single amino acid substitution results in a retinoblastoma protein344±347.
defective in phosphorylation and oncoprotein binding. Proc. Natl.Bremner, R., Cohen, B.L., Sopta, M., Hamel, P.A., Ingles, C.J., Gallie,
Acad. Sci. USA 87, 6922±6926.B.L., and Phillips, R.A. (1995). Direct transcriptional repression by
Kodosh, D., and Struhl, K. (1997). Repression by Ume6 involvespRb and its reversal by specific cyclins. Mol. Cell. Biol. 15, 3256±
recruitment of a complex containing Sin3 corepressor and Rpd33265.
histone deacetylase to target promoters. Cell 89, 365±371.Braunstein, M., Rose, A.B., Holmes, S.G., Allis, C.D., and Broach,
Lam, E.W., and La Thangue, N.B. (1994). Dp and E2F proteins: coor-J.R. (1993). Transcriptional silencing in yeast is associated with
dinating transcription with cell cycle progression. Curr. Opin. Cellreduced nucleosome acetylation. Genes Dev. 7, 4592±4604.
Biol. 6, 859±866.Candau, R., Chavez, S., and Beato, M. (1996). The hormone respon-
Laherty, C.D., Yang, W.M., Sun, J.M., Davie, J.R., Seto, E., andsive region of mouse mammary tumor virus positions a nucleosome
Eisenman, R.N. (1997). Histone deacetylases associated with theand precludes access of nuclear factor I to the promoter. J. Steroid
mSin3 corepressor mediate Mad transcriptional repression. Cell 89,Biochem. Mol. Biol. 57, 19±31.
349±356.Chakravarti, D., LaMorte,V.J., Nelson, M.C., Nakajima, T., Schulman,
Mizzen, C.A., Yang, X.J., Kokubo, T., Brownell, J.E., Bannister, A.J.,I.G., Juguilon, H., Montminy, M., and Evans, R.M. (1996). Role of
Owen-Hughes, T., Workman, J., Wang, L., Berger, S.L., Kouzarides,CBP/p300 in nuclear receptor signaling. Nature 383, 99±103.
T., et al. (1996). The TAFII250 subunit of TFIID has histone acetyl-Chellappan, S.P., Hiebert, S., Mudryj,M., Horowitz, J.M., and Nevins,
transferase activity. Cell 87, 1261±1270.J.R. (1991). The E2F transcription factor is a cellular target for the
Nagy,L., Kao,H.Y., Chakravarti, D., Lin, R.J., Hassig, C.A., Ayer, D.E.,RB protein. Cell 65, 1053±1061.
Schreiber, S.L., and Evans, R.M. (1997). Nuclear receptor repressionChow, K.N.B., and Dean, D.C. (1996). Domains A and B in the Rb
mediated by a complex containing SMRT, mSin3A, and histonepocket interact to form a transcriptional repressor motif. Mol. Cell.
deacetylase. Cell 89, 373±380.
Biol. 16, 4862±4868.
Nevins, J.R. (1992). E2F: a link between the Rb tumor suppressor
Chow, K.N.B., Starostik, P., and Dean, D.C. (1996). The Rb family protein and viral oncoproteins. Science 258, 424±429.
contains a conserved cyclin-dependent-kinase-regulated transcrip-
Oliner, J.D., Andersen, J.M., Hansen, S.K., Zhou, S., and Tjian, R.tional repressor motif. Mol. Cell. Biol. 16, 7173±7181.
(1996). SREBP transcriptional activity is mediated through an inter-
Dedon, P.C., Soults, J.A., Allis, C.D., and Gorovsky, M.A. (1991). A action with the CREB-binding protein. Genes Dev. 10, 2903±2911.
simplified formaldehyde fixation and immunoprecipitation tech-
Perkins, N.D., Felzien, L.K., Leung, K., Beach, D.H., and Nabel, G.J.nique for studying protein-DNA interactions. Anal. Biochem. 197,
(1997). Regulation of NF-kappaB by cyclin-dependent kinases asso-83±90.
ciated with the p300 coactivator. Science. 275, 523±527.
Dunaief, J.L., Stober, B.E., Guha, S., Khavari, P.A., AÊ lin, K., Luban,
Postigo,A.P., and Dean, D.C. (1997). ZEB, a vertebrate homologue ofJ., Begemann, M., Crabtree, G.R., and Goff, S.P. (1994). The retino-
Drosophila ZFH-1, is a negative regulator of muscle differentiation.
blastoma protein and BRG1 form a complex and cooperate to induce
EMBO J. 16, 3835±3943.
cell cycle arrest. Cell 79, 119±130.
Puri, P.L., Avantaggiati, M.L., Balsano, C., Sang, N., Graessmann,
Eckner, R., Ewen, M.E., Newsome, D., Gerdes, M., DeCaprio, J.A., A., Giordano, A., and Levrero, M. (1997). p300 is required for MyoD-
Lawrence, J.B., and Livingston, D.M. (1994). Molecular cloning and dependent cell cycle arrest and muscle-specific gene transcription.
functional analysis of the adenovirus E1a-associated 300-KD protein EMBO J. 16, 369±383.
(p300) reveals a protein with properties of a transcriptional adaptor.
Qian, Y.-W., Wang, Y.C., Hollinsworth, R.E., Jr., Jones, D., Ling, N.,Genes Dev. 8, 869±884.
and Lee, E.Y. (1993). A retinoblastoma-binding protein related to a
Eckner, R., Yao, T.P., Oldread, E., and Livingston, D.M. (1996). Inter- negative regulator of Ras in Yeast. Nature 364, 648±652.
action and functional collaboration of p300/CBP and bHLH proteins
Roth, S.Y., and Allis, C.D. (1996). Histone acetylation and chromatin
in muscle and B-cell differentiation. Genes Dev. 10, 2478±2490.
assembly: a single escort, multiple dances? Cell 87, 5±8.
Ewen, M.E. (1994). The cell cycle and the retinoblastoma protein Sartorelli, V., Huang, J., Hamamori, Y., and Kedes, L. (1997). Molecu-
family. Cancer Metastasis Rev. 13, 45±66. lar mechanismsof myogenic coactivation by p300: direct interaction
Grunstein, M. (1997). Histone acetylation in chromatin structure and with the activation domain of MyoD and with the MADS box of
transcription. Nature 389, 349±352. MEF2C. Mol. Cell. Biol. 17, 1010±1026.
Hamel, P.A., Gill, R.M., Phillips, R.A., and Gallie, B.L. (1992). Tran- Sears, R., Ohtani, K., and Nevins, J.R. (1997). Identification of posi-
scriptional repression of the E2-containing promoters EIIaE, c-myc, tively and negatively acting elements regulating expression of the
and RB1 by the product of the RB1 gene. Mol. Cell. Biol. 12, 3431± E2F2 gene in response to cell growth signals. Mol. Cell. Biol. 17,
5227±5235.3438.
Rb and Histone Deacetylase Activity
473
Sellers, W.R., Rodgers, J.W., and Kaelin, W.G., Jr. (1995). A potent
transrepression domain in the retinoblatoma protein induces a cell
cycle arrest when bound to E2F sites. Proc. Natl. Acad. Sci. USA
92, 11544±11548.
Shao, Z., Ruppert, S., and Robbins, P.D. (1995). The retinoblastoma-
susceptibility gene product binds directly to the human TATA-bind-
ing protein-associated factor TAFII250. Proc. Natl. Acad. Sci. USA
92, 3115±3119.
Slansky, J.E., and Farnham, P.J. (1996). Introduction to the E2F
family: protein structure and gene regulation. Curr. Topics Microbiol.
Immunol. 208, 1±30.
Starostik, P., Chow, K.N.B., and Dean, D.C. (1996). Transcription
repression and growth suppression by the p107 pocket protein.
Mol. Cell. Biol. 16, 3606±3614.
Taunton, J., Hassig, C.A., and Schreiber, S.L. (1996). A mammalian
histone deacetylase related to the yeast transcriptional regulator
Rpd3p. Science 272, 408±411.
Trouche, D., and Kouzarides, T. (1996). E2F1 and E1A(12S) have a
homologous activation domain regulated by RB and CBP. Proc.
Natl. Acad. Sci. USA 93, 1439±1442.
Tyler, J.K., Bulger, M., Kamakaka, R.T., Kobayashi, R., and Kado-
naga, J.T. (1996). The p55 subunit of Drosophila chromatin assembly
factor 1 is homologous to a histone deacetylase-associated protein.
Mol. Cell. Biol. 16, 6149±6159.
Verrault, A., Kaufman, P.D., Kobayashi, R., and Stillman, B. (1996).
Nucleosome assembly by a complex of CAF-1 and acetylated his-
tones H3/H4. Cell 87, 95±104.
Weinberg, R.A. (1995). The retinoblastoma and the cell cycle control.
Cell 81, 323±330.
Weintraub, S.J., Prater, C.A., and Dean, D.C. (1992). Retinoblastoma
protein switches the E2F sites from positive to negative element.
Nature 358, 259±261.
Weintraub, S.J., Chow, K.N.B., Luo, R.X., Zhang, S.H., He, S., and
Dean, D.C. (1995). Mechanism of active transcriptional repression
by the retinoblastoma protein. Nature 375, 812±815.
Yang, W., Yao, Y., Sun, J., Davie, J.R., and Seto, E. (1997). Isolation
and characterization of cDNAs corresponding to an additional mem-
ber of the human histone deacetylase gene family. J. Biol. Chem.
272, 28001±28007.
Yang, X.J., Ogryzko, V.V., Nishikawa, J.,Howard, B.H., and Nakatani,
Y. (1996). A p300/CBP-associated factor that competes with the
adenoviral oncoprotein E1A. Nature 382, 319±324.
Yao, T.P., Ku, G., Zhou, N., Scully, R., and Livingston, D.M. (1996).
The nuclear hormone receptor coactivator SRC-1 is a specific target
of p300. Proc. Natl. Acad. Sci. USA 93, 10626±10631.
Zhang, J.J., Vinkemeier, U., Gu, W., Chakravarti, D., Horvath, C.M.,
and Darnell, J.E. (1996). Two contact regions between Stat1 and
CBP/p300 in interferon gamma signaling. Proc. Natl. Acad. Sci. USA
93, 15092±15096.
Zhang, Y., Iratni, R., Erdjument-Bromage, H., Tempst, P., and Rein-
berg, D. (1997). Histone deacetylase and SAP18, a novel polypep-
tide, are components of a human Sin3 complex. Cell 89, 357±364.
Zhu, L., van den Heuvel, S., Helin, K., Fattaey, A., Ewen, M., Living-
ston, D., Dyson, N., and Harlow, E. (1993). Inhibition of cell prolifera-
tion by p107, a relative of the retinoblastoma protein. Genes Dev.
7, 1111±1125.
